We propose and demonstrate an electrooptic technique for relaying microwave signals over an optical fiber and downconverting the microwave signal to an intermediate frequency at the receiver. The system uses electrooptic phase modulation in the transmitter to impose the microwave signal on an optical carrier followed by re-modulation with a microwave local oscillator at the receiver. We demonstrate that by subsequently suppressing the optical carrier using a notch filter, the resulting optical signal can be directly detected to obtain a downconverted microwave signal. We further show that by simply controlling the amplitude of the microwave local oscillator, the system can be linearized to third-order, yielding an improvement in the dynamic range.
Introduction
Radio-over-fiber (RoF) systems allow radio frequency (RF) signals to be relayed over optical fiber and are particularly attractive for applications where microwave signals must be transmitted over distances in which coaxial cable would be prohibitively lossy [1, 2] Here we demonstrate a new RoF architecture that addresses the aforementioned challenges by using a combination of EO phase modulation and optical filtering. Unlike intensity modulators, phase modulators do not require active bias control circuitry which can result in a simpler link design. Phase modulation has recently attracted attention for RoF applications, with several groups reporting systems for demodulation based on coherent detection or feedback loops [11, [22] [23] [24] [25] . The main disadvantage of phase modulation has been the complexity of detecting the phase encoded information at the receiver. However, it has been shown that phase modulated signals can be converted to intensity modulation by inserting a dispersive device or by filtering the optical carrier after phase modulation [26] [27] [28] . The intensity modulated signal can then be detected using a square-law photoreceiver. Furthermore, suppression of the optical carrier in intensity modulated links has been shown to have the added benefit of increasing the effective modulation depth, which results in improvements in the RF-to-RF gain [28] [29] [30] .
Here we show that by using two cascaded phase modulators, one driven by a microwave input signal and the other by a strong microwave local oscillator (LO) tone, a downconverted signal can be produced at the difference frequency. Because the downconversion is accomplished through EO mixing and optical filtering, the photoreceiver need only be fast enough to resolve the downconverted IF signal. Slower photoreceivers are not only more economical, but may also be able to handle higher optical powers, which could further lead to additional improvements of the link gain and noise figure. The system presented in this paper achieves a downconversion gain that is up to 2.64 dB higher than that of a non-downconverting intensity modulated link with comparable components and optical power.
A surprising feature of the system is that by simply adjusting the amplitude of the microwave LO, it is possible to eliminate the third-order intermodulation distortion (IMD3) introduced by the modulation and demodulation processes. This linearization method does not require multiple wavelengths, additional modulators, polarization states, or precise splitting of the optical and RF powers, and can be implemented entirely in the receiver. Despite a penalty in the downconversion gain, we show that the linearized system increases the spur-free dynamic range (SFDR) from 103.5 dB/Hz 2/3 to 114.0 dB/Hz 4/5 . Figure 1 shows a diagram of the downconverting phase-modulated RoF link presented here. A high stability, narrow linewidth, fiber laser (NP Photonics) with a center wavelength of 1552.470 nm was used as the optical source. The output of the laser was connected to the transmitter (TX) phase modulator through polarization maintaining fiber (PMF). The TX phase modulator was a 40 GHz, z-cut LiNbO 3 modulator with a measured V π of 5.3 V at 20 GHz. The output of the TX phase modulator was connected to the input of the receiver (RX) phase modulator through a second length of PMF. The RX phase modulator was similar to the TX phase modulator, but it had a measured V π of 4.1 V at 19.5 GHz. The transmitter and receiver phase modulators were driven by a microwave input signal and a strong microwave LO tone, respectively. The signal emerging from the RX phase modulator was sent through a fiber Bragg grating (FBG) in transmission mode to suppress the optical carrier. The FBG was designed for add/drop Fig. 1 . Diagram of the downconverting RoF link presented here. The system uses two cascaded optical phase modulators, one in the transmitter and one in the receiver, followed by a fiber Bragg grating (FBG) and a square-law photoreceiver. The FBG is chosen to suppress the optical carrier at ν c . The receiver phase modulator is driven by a strong microwave LO to produce IF beat products that are detected by an optical photoreceiver.
Principle of operation
filtering of dense wavelength division multiplexing systems having 25 GHz channel spacings. This filter provided approximately 23 dB attenuation to the carrier with respect to the sidebands at 1552.470 nm and approximately 2.5 dB of out-of-band insertion loss. The 3 dB notch-width of the FBG was measured to be approximately 14 GHz and the frequency offset between the optical carrier and the filter center frequency was less than 1 GHz. The optical output from the filter was connected to an InGaAs PIN photodiode having a 50 Ω internal termination resistor and a nominal 3 dB bandwidth of 12 GHz. Figure 2 illustrates the downconversion process by showing the optical and electrical spectra measured at various points in the link. The optical spectra were captured using a high resolution Brillouin optical spectrum analyzer (Aragon Photonics) with a spectral resolution of 80 fm (10 MHz). The fiber laser spectrum is shown in Fig. 2(a) where P c denotes the optical carrier power. At the transmitter, the optical signal is modulated by a weak 20 GHz microwave signal with modulation depth m 1 ≈ 0.1. This produces a series of optical sidebands with intensities proportional to J 2 l (m 1 ) at frequencies of l f 1 about the optical carrier where l = 0, ±1, ±2, . . . as shown in Fig. 2(b) .
In the receiver, the phase modulated optical signal is re-modulated by a strong microwave LO having a modulation depth m 0 ≈ 1.08 and frequency f 0 = 19.6 GHz. This generates additional optical sidebands with frequency spacings of m f 0 , where m = 0, ±1, ±2, . . ., about each of the the l f 1 frequency components. The resulting spectrum is shown in Fig. 2(c) where each spectral component is proportional to J 2 l (m 1 )J 2 m (m 0 ). The twice-modulated optical signal is then sent through a FBG with the measured optical transmission shown in Fig. 2(d) . The FBG filters out the optical carrier for which l + m = 0 while allowing the sidebands to pass. The carrier-suppressed optical spectrum is shown in Fig. 2(e) .
After the notch filter, the resulting optical signal is detected by a square-law photoreceiver. As explained later in Section 3, the photocurrent contains terms at the downconverted frequency, Ω 10 = Ω 1 − Ω 0 , that are proportional to the power of the microwave input signal. Fig. 2(f) shows the measured electrical spectrum of the photodetected signal which is clearly centered at the downconverted frequency of f 10 = 400 MHz. 
Theoretical analysis
We begin with a continuous wave optical signal with optical frequency ω c , that can be described by the complex optical field
where we have normalized the field such that |u A | 2 represents the optical power. For simplicity, in the analysis that follows, we neglect the optical insertion losses of the modulators, filter, and transmission fiber. These losses can be accounted for by proportionately reducing P c . Alternatively, one may define P c to be the optical power measured at the input of the receiver modulator when the signal and LO are turned off. In the transmitter, the signal is phase modulated by a sinusoidal microwave signal with amplitude V 1 and frequency Ω 1 to produce an optical field u B (t) = √ P c e jω c t e
where m 1 is the input signal modulation depth, expressed in radians as 
where m 0 is the modulation depth produced by the LO, defined analogously to Eq. (3). Applying the Jacobi-Anger expansion to Eq. (4), we obtain
where both summations run from −∞ to +∞. The optical notch filter can be mathematically modeled by excluding those terms in Eq. (5) for which l + m = 0,
Following the FBG notch filter, the optical field is detected by a square-law photoreceiver with responsivity R to produce a photocurrent given by
To determine the downconversion gain of the system, we consider only the terms in Eq. (7) that are oscillating at the downconverted frequency Ω 10 ≡ Ω 1 − Ω 0 . This is equivalent to including only the terms in the summation for which (l − n) = ±1 and (m − p) ∓ 1, i.e.,
i(t)| ω=Ω
The restricted summation in Eq. (8) can be written as a difference of two full summations,
The double-summation in Eq. (9a) can be interpreted as the photocurrent that would result if the notch filter was absent. Applying a Bessel summation identity, this contribution can be shown to be zero, which confirms that phase modulation by itself cannot be directly detected by a square-law photoreceiver. Thus, the downconverted photocurrent simplifies to
where the photocurrent amplitude, I 10 , is defined as
Taylor expanding Eq. (11) to third-order in m 1 yields 
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For small microwave signals applied to the TX phase modulator (i.e. m 1 1), the cubic term in Eq. (12) can be ignored. The time-averaged downconverted electrical output power at Ω 10 through an impedance Z out is then
Using Eq. (3), the time-averaged input microwave power at Ω 1 through an impedance Z in can be written as
The small-signal RF-to-IF downconversion gain of the system is found by taking the ratio of Eq. (13) to Eq. (14) to obtain
The gain in Eq. (14) can be compared to that of a non-downconverting quadrature-biased MachZehnder (MZ) link having the same input optical power, impedances and half-wave voltage, which can be shown to be
It should be noted that a quadrature-biased Mach-Zehnder link is not equivalent to the phasemodulated link presented here because (a) it uses only one EO intensity modulator, instead of two EO phase modulators, and could therefore provide a lower overall optical insertion loss (b) it would require an electrical mixer to downconvert the transmitted signal to IF, which would introduce additional electrical losses not present in our link. Nonetheless, the comparison is useful because it allows one to factor out common component related parameters such as photodiode responsivity, transmitter modulator half-wave voltage, and input and output electrical impedances, which affect the link architectures in the same way. The small-signal gain given in Eq. (15) can then be expressed in terms of G MZ as
The gain in Eq. (17) is maximized for a LO modulation depth of m 0 ∼ = 1.08. In this case, the link presented here achieves a downconversion gain that is a factor of 1.84× (2.64 dB) higher than that of a comparable MZ modulator link.
Linearization
As explained in Section 3, the downconversion gain of the RoF link presented here can be maximized by setting the amplitude of the LO to m 0 = 1.08. However, the gain is only one factor that governs the overall link performance. In some situations, it may be preferable to optimize the linearity and dynamic range by minimizing the intermodulation distortion (IMD). For sub-octave signals, the dynamic range is limited by third-order intermodulation distortion (IMD3). This distortion can easily be characterized by applying two closely-spaced microwave tones at the RF input. The fundamental tones and the IMD products can then be measured in the downconverted electrical spectrum. Intermodulation distortion is associated with nonlinearities in the EO modulation and demodulation transfer functions. Even in the single tone case, distortion is present in the downconverted photocurrent at Ω 10 as evident in the term proportional to m 3 1 in Eq. (12). This contribution to signal distortion can be eliminated by appropriately choosing the LO modulation 
As shown in Appendix A, in the two-tone analysis, this condition also eliminates the IMD3 products at 2 f 1 − f 2 − f 0 and 2 f 2 − f 1 − f 0 . The smallest value of m 0 that solves Eq. (18) was numerically found to be m 0 = 2.17. When this value of m 0 is substituted into Eq. (17), the downconversion gain evaluates to G = 0.081 G MZ , which is 13.6 dB lower than for the maximum gain case. To experimentally confirm this result, we conducted a two-tone measurement in which the LO strength (m 0 ) was swept while the power of the downconverted fundamental tones and third order intermodulation (IMD3) were measured. For these measurements, the single microwave tone at the TX phase modulator shown in Fig. 1 was replaced by a pair of closely spaced tones with frequencies f 1 = 20.00 GHz and f 2 = 20.02 GHz and equal modulation depths m 1 = m 2 = 0.14. In order to improve the electrical isolation between the two synthesizers, three-port ferrite circulators configured as electrical isolators were used at the synthesizer outputs. The two microwave tones were then combined using a four-port hybrid coupler. The LO frequency was set to f 0 = 19.6 GHz to produce downconverted tones at 400 and 420 MHz and sub-octave IMDs at 380 and 440 MHz. The DC photocurrent, downconverted fundamental power, and downconverted IMD power were measured as a function of the LO modulation depth. Figure 3 shows the results of this measurement along with the corresponding theoretically calculated curves. When calculating the output powers for Fig. 3 , an additional factor of 1/4 was incorporated to account for the presence of an internal 50 Ω terminating resistor in the photoreceiver. The measurements and theory show excellent agreement across all values of m 0 . It is clear that the fundamental power is maximized at m 0 = 1.08 while the IMD3 power is minimized by choosing m 0 = 2.17, which reduces the fundamental power by 13.6 dB relative to it's maximum value.
Figure 4(a) shows the electrical spectrum measured for a LO modulation depth of m 0 = 1.08, which produces the maximum downconversion gain. The IMD products are clearly visible at frequencies of 2 f 1 − f 2 − f 0 = 380 MHz and 2 f 2 − f 1 − f 0 = 440 MHz. To linearize the system, we increased the LO power to achieve m 0 = 2.17, which produced the electrical spectrum shown in Fig. 4(b) . The fundamental tones are reduced by 13.8 dB from their value in Fig. 4(a) , which agrees well with the theoretically calculated gain penalty of 13.6 dB, and the IMD products fell below the noise floor of the electrical spectrum analyzer. Finally, we increased the input signal powers by +13.8 dB to compensate for the linearization gain penalty. As shown in Fig. 4(c) , even in this case, the IMD products are suppressed relative to the non-linearized case shown in Fig. 4(a) . This confirms that, despite the gain penalty, this linearization technique can improve the dynamic range.
When the IMD3 products are suppressed by choosing m 0 according to Eq. (18), the residual sub-octave IMD products are expected to be dominated by fifth-order contributions. Thus, we do not expect complete suppression of the IMD products in the linearized case, but only the elimination of the third-order dependence. To verify this, we measured the downconverted and IMD powers as a function of the input power. Figure 5 shows the results of these measurements for the maximum gain and linearized cases. The solid curves were simulated while the circles indicate experimentally measured points. The dashed curves and open circles correspond to the maximum-gain case, m 0 = 1.08, and the green curves and filled circles indicate the linearized case, m 0 = 2.17. For the latter case, the IMD products clearly have a fifth-order dependence on the input power, indicating that the third-order dependence has in fact been suppressed. All measurements in Fig. 5 were performed using a resolution bandwidth of 100 kHz. The IMD products were measured using a low-noise IF preamplifier and tunable RF bandpass filter at 
System bandwidth
When calculating the gain of the downconverting link in Section 3, we assumed an ideal notch filter that completely extinguished all terms in the vicinity of the carrier while fully transmitting all of the spectral sidebands. Furthermore, we neglected the effects of chromatic dispersion that occurs as the optical signal propagates in the fiber linking the transmitter and receiver. In this section, we address these topics, both of which can place a bound on the bandwidth of the system.
Theoretically, the bandwidth of the optical notch filter limits the minimum frequency that can be transmitted through the system. To experimentally investigate this effect, we measured the downconversion gain as a function of the input signal frequency, f 1 . The LO frequency was adjusted in parallel with the input signal frequency in order to maintain a constant downconverted IF of f 1 − f 0 = 400 MHz. Since the half-wave voltage of EO modulators vary with frequency, the LO power was adjusted to maintain a constant LO modulation depth of m 0 = 1.08 for all measurements. When varying the signal frequency f 1 , the half-wave voltage V π was independently measured so that the electrical response of the TX phase modulator could also be factored out. Figure 6 shows the normalized downconversion gain as a function of the signal frequency f 1 . The gain was normalized relative to the reference value given by Eq. (16), which represents the gain of a Mach-Zehnder (MZ) intensity-modulated link with comparable parameters. As before, the normalization was adjusted by 6 dB to properly account for the presence of an internal 50 Ω terminating resistor in the photoreceiver. This normalization process implicitly factors out the electrical response of the modulator, by incorporating the measured frequency dependence in V π . The dashed line in Fig. 6 shows the 2.64 dB downconversion gain (relative to the MZ case) obtained from theory, under the assumption of ideal filtering. When the input modulation frequency exceeds the half the notch filter bandwidth, the experimentally measured gain closely approaches this theoretical value. As shown in Fig. 2(d) , the FBG had a spectral bandwidth of approximately 14 GHz. Therefore, when the input modulation frequency falls below 7 GHz, the ±1 sidebands are partially blocked by the filter, causing the downconversion gain to decrease, as shown in Fig. 6 . Chromatic dispersion in the fiber is well-known to produce phase modulation to intensity modulation conversion, and vice versa [31] [32] [33] [34] . In systems where the modulation frequencies are known, an appropriately chosen dispersive medium inserted after a phase modulator can be used in place of the optical notch filter to achieve EO frequency mixing [20, 21, 27] .
This system, however, is designed to accommodate a wide range of possible input frequencies. In this case, chromatic dispersion limits the bandwidth, transmission length, and downconversion gain. The derivation presented in Section 3 can be generalized to include the effect of chromatic dispersion between the transmitter and receiver. If the two phase modulators are separated by a fiber of length L, then to first-order, the amplitude of the downconverted photocurrent can be shown to be 
where D is the chromatic dispersion of the fiber, typically expressed in ps/nm·km, λ c is the carrier wavelength, and f 1 is the signal frequency. Apart from the additional sinusoidal factor, Eq. (19) is seen to be identical to the leading linear term in Eq. (12).
